Laboratory studies form an integral part of scour research, yet there is no standard technique for monitoring scour depth development during testing. This paper investigates the advantages and disadvantages of a variety of techniques, and compares results from three methods: photogrammetry, an echosounder, and a calibrated pile. A novel system involving an underwater camera is presented. This produces results in close agreement with the other techniques, and has the advantage of providing accurate measurements over the full scour hole while at the same time enabling qualitative information to be gained from the photographs.
INTRODUCTION
Scour is a topical issue in the marine environment due to the recent development of offshore wind farms in coastal waters. This is an active area of research because it is currently difficult to accurately predict the scour depth that will occur at a structure's foundations in the field. Simplified scale modelling in laboratory flumes can help to advance understanding of the mechanisms for scour and the interactions between the fluid, structure, and sediment. A suitable measurement technique needs to be implemented to monitor the scour depth development during laboratory testing. In practice this is difficult because of the need for the method to be non-intrusive but still operate at the required time and spatial resolutions at the small scale. Consequently, a wide range of measurement systems have been presented in the scour literature. This paper will provide a review of these, highlighting the advantages and disadvantages in reference to their suitability for small scale laboratory testing, before focusing on a comparison of the performance of three of the most promising techniques.
In order to assess the suitability of a measurement technique for scour monitoring in the laboratory, it is first important to consider the required specifications of the scour measurement system:
The equipment should not interfere with the experiment. For this reason the flow should not be paused or drained, and any equipment placed in the flow should have very small dimensions. The system should produce three-dimensional scour hole profiles (full coverage of the scour hole). Scour hole profiles should be collected instantaneously, or the points should be measured over a small change in time relative to the rate of scour. Measurements should be accurate to at least 1 mm in the horizontal and vertical directions. The system should be capable of capturing data at second intervals in the initial stages of scour. Vertical resolution of at least 1 mm and horizontal resolution of 1 cm would be suitable in the laboratory flumes specified for this project. One of the simplest techniques used in the literature is to read the scour depth from a vertical scale attached or marked onto the model pile. This can be monitored by eye or with a camera set up externally to the flume (Roulund et al. 2005) , or inside a clear pile (Debnath and Chaudhuri 2011) . A more complex version of this method has been developed by Chang et al. (2014) where the system is automated to produce real-time scour depth measurement through an image processing technique. These systems are non-intrusive and inexpensive, and are capable of providing high frequency measurements with good vertical resolution and accuracy. However, they only provide depth measurements adjacent to the pile, so do not necessarily represent the deepest point in the scour hole. Furthermore, they do not provide information about the evolution of the scour hole shape, volume or extent. It should be noted that it is likely to be impractical to place a camera inside the pile in small scale tests due to the dimensions of the pile compared to the camera equipment. Sumer and Fredsøe (2001) extended the use of scales to obtain maps of the scour hole by placing measurement pins at different locations in the bed. Alternatively a point gauge can be moved to different locations in sequence to build a 3D profile (Lanca et al. 2013 ). However, both of these systems are rather intrusive. Although some less intrusive versions of point gauges have been designed (Simons et al. 2007, Ballio and Radice 2003) it takes a considerable amount of time to obtain a scour hole profile with any of these devices, so dynamic profiling is not possible especially during the initial stage of the scour process.
Echosounder and laser distance sensors have been used for scour depth measurement in the laboratory (Coleman et al. 2003 , Sheppard and Miller 2006 , Stahlmann and Schlurmann 2010 . Like the point gauge methods these have to be traversed to different locations to collect a 3D profile. However, they are generally able to scan the bed more rapidly than point gauges, so that quasi-dynamic measurements may be possible. Another advantage of these devices is that they can be much less intrusive to the experiment as they are not required to be in close proximity to the bed. However, the dimensions of the sensors are often large relative to the pile, so in several studies the flow is paused or the water is drained before measurements are collected (Jensen et al. 2006 , Margheritini et al. 2006 , Hartvig et al. 2010 . It must also be noted that laser and echosounder systems are considerably more expensive than the basic options. While laser sensors can provide reasonably precise measurements (to the nearest mm), the precision of echosounder measurements is reduced because of the spreading of the beam as it travels away from the sensor. This means that at each measurement point an area of the bed is averaged as an approximation to a point measurement. The size of the beam footprint is inversely proportional to the frequency and diameter of the sensor. As a small sensor diameter is required to reduce interference with the flow in small scale laboratory testing, a high frequency sensor must be used so that the beam footprint will be small enough to provide adequate spatial resolution. Larger suspended particles such as sand grains can affect echosounder measurements (McGovern et al. 2012) and both echosounder and laser sensors can be subject to spurious reflections from the sand bed or the pile (Hartvig et al. 2010 , Dingler et al. 1977 .
Another technique that has been employed in the laboratory in a variety of set-ups is photogrammetry. 2D measurements in the form of line profiles through the scour hole have been obtained from photographs of a laser light sheet intersecting the bed (Younkin and Hill 2009) . The complexity of camera calibration is reduced by using a 2D technique, and only one camera is needed. The advantage of this system is that it can be non-intrusive if the cameras are position outside of the flume, and a line profile is captured instantaneously so that fully dynamic measurements are possible. However, the light sheet must be traversed across the scour hole to obtain full spatial coverage (Huang et al. 2010) , which also increases the complexity of the calibration.
A minimum of two cameras are needed to make 3D reconstruction of the scour hole possible. However, many of the techniques require the flow to be paused or drained (Umeda et al. 2008 , Rosier et al. 2004 , Raaijmakers et al. 2012 . Dynamic measurements have been obtained by Baglio et al. (2001) where the cameras were set up outside of the flume. However, this system does not account for lens distortions or for refraction of light through the air-glass-water interfaces, reducing the accuracy of the results. A similar system was implemented in a recent study by Sumer et al. (2013) which did include corrections for lens distortions but refraction through the flume wall was still not modelled correctly. In these systems measurement points in the scour hole are identified using a grid of dots produced by a diffractive laser (Sumer et al. 2013 , Baglio et al. 2001 , or by using feature matching software (Raaijmakers et al. 2012) . Foti et al. (2011) noted that sand surfaces are not ideal for feature matching and this can result in a reduction in the accuracy of the solution.
From the literature review the 3D photogrammetry technique showed the most potential for fulfilling all of the stated requirements for measuring scour in the laboratory. However, this type of system has not yet been fully established, as the dynamic measurement systems have not yet included a correction for refraction. Therefore, this technique requires development and testing before it can be utilised. Verification can be provided through comparison with another technique. In this study an echosounder was chosen as it offers a reasonable compromise to the measurement requirements while being of suitable dimensions and cost for this project. The pile was also calibrated with a vertical scale to provide a baseline for the comparison. This paper details the methodology and development of these three techniques and provides a comparison between them to give a detailed analysis of their strengths and weaknesses and applicability to scour depth measurement in the laboratory.
METHODOLOGY
The investigation of techniques for scour depth measurement was conducted as part of a larger project studying marine scour. Scour tests were conducted in two laboratory flumes of different dimensions. Details of the experiment set-up and test program can be found in Porter et al. (2012) and Porter et al. (2014) . A range of hydrodynamic conditions (currents, waves, tidal flow) and several pile diameters were used in the test program which presented some restrictions in terms of the set-up of the measurement system. For this reason it was not possible to place equipment inside the pile and the impact that equipment would have on the flow needed to be carefully considered.
The vertical scale on the pile was marked onto the outside of the pile in concentric circles using a lathe, at 5 mm intervals. The vertical resolution was chosen to improve visibility of the scale in the flume. The vertical scale is shown in Fig. 1 . The second technique employed a 1 MHz echosounder (Ultralab UWS model) made by General Acoustics. This device was chosen because it has a small sensor diameter and narrow beam angle. The diameter of the sensor is 30 mm, and only the face of the sensor needs to be submerged in the water to take a depth measurement (i.e. submerged by less than 2 mm). The sensor has a beam angle of less than 3 degrees. Higher resolution sensors came at the cost of a larger sensor size.
The echosounder was fixed to a motorized traverse sitting above the larger flume. In the smaller flume it was traversed manually by sliding its support against a scale running parallel with the flume wall. Fig. 2 shows the set-up in each flume. In both cases the centre of the sensor could not be placed closer than 2 cm to the edge of the pile, because of the dimensions of the bracket that the sensor was mounted on.
The measurement procedure was different in the two flumes due to the configuration of the equipment. In the small flume, 2D profiles were measured along the centreline of the scour hole in the stream-wise direction. The echosounder was traversed upstream and downstream of the pile in 1 cm intervals. The sensor was left at each position for approximately 30 seconds and the maximum depth reading was recorded over this time; spurious reflections such as those from suspended sand grains were ignored. In this set-up the beam footprint on the initial flat-bed level was about 8 mm in diameter (water depth = 16 cm).
In the larger flume, the echosounder was connected to a data logger so that depth readings were recorded directly to a computer. The echosounder had to be calibrated to convert the output voltage reading to depth. This was achieved by recording measurements over a set of blocks of known heights positioned in the flume beneath the echosounder. A linear relationship between voltage and depth made the calibration straightforward. The echosounder was traversed in a variety of patterns, depending on the rate of scouring. The echosounder recorded 10 depth readings at each position in the profile (the frequency of measurements was 10 Hz) and following the approach in the smaller flume, the maximum depth at each location was used in the analysis. A 3D profile was collected in approximately 20 minutes. To reduce the profiling time during the initial stages of a test 2D profiles were taken along the centreline of the scour hole. In the later stages of testing 3D profiles of the bed were obtained. As the traverse and echosounder systems were not operated from the same computer, the two systems had to be synchronised manually. Importantly, as the water depth in this flume was 45 cm, the beam footprint diameter on the initial flat bed was close to 24 mm, so that there was a significant loss of resolution in this flume compared to the smaller scale tests. A photogrammetry system similar in set-up to Baglio et al (2001) was tested initially. Two cameras were positioned outside of the flume. A grid of dots was projected onto the bed to mark out the measurement points. Digital projectors provided a cheaper alternative to the diffractive laser used by Baglio et al. (2001) . The two cameras were synchronized using a trigger box. The lighting, camera and projector positioning, and camera settings (aperture, focal length, etc.) were chosen so as to obtain the best possible coverage of the scour hole, and best image quality. The image processing and photogrammetry computations were completed using a software package, VMS (Robson and Shortis, 2012) . This software uses the bundle adjustment method which provides an explicit solution to the colinearity equation, Eq. 1. In this equation the 2D coordinates of the measurement points in the images, x a , are linked to the 3D coordinates of the measurement points in the object space, X A , through the parameters for the position (X 0 ) and orientation (R t ) of the camera. Cooper and Robson (1996) provide a comprehensive treatment of this topic.
As the colinearity equation is based on the pin-hole camera model, it assumes that light rays travel in a straight line through the camera from the point on the object to the image plane. As light will actually be refracted through a real camera due to the configuration of the lens, a correction is applied to the colinearity equation to account for this. The lens distortions have been shown to be closely approximated by a polynomial function, which is added to the solution obtained from the colinearity equation as an error term.
With a minimum of 4 known coordinates in the object space (for calibration) and a minimum of two images taken from different positions, the colinearity equation can be solved. The bundle adjustment uses a least squares iterative approach to obtain a robust solution by simultaneously computing a number of measurement points from a set of images.
A specially designed calibration cube with dots of known coordinates along its bars was used prior to the experiments to provide the points of known coordinates in the object space. With the cameras left in the same position and with the same focal settings, the camera intrinsic and extrinsic parameters were first calculated using the calibration cube (i.e. camera properties such as lens distortions and focal length, as well as the location and orientation of each camera). These parameters provided enough information to compute unknown coordinates of points in the scour hole during the experiments.
The VMS software does not include an explicit solution for refraction of light through the flume wall and water, so initially an implicit solution for refraction was sought using the software. This method attempted to incorporate the refractions into the camera calibration procedure in the same way that the camera lens distortions and other internal parameters are modelled. The results of this method were generally unsuccessful due to the nature of the distortions (large in magnitude and asymmetric due to the angles of the cameras relative to the flume wall). This indicated that in the given flume settings a full solution for refraction would be necessary. Refraction can be modelled explicitly using a ray tracing algorithm (Kotowski 1988) . However, this is known to be computationally demanding because a solution must be obtained iteratively.
Alternatively, the effect of refraction can be reduced by changing the set-up of the cameras. Refraction planes close to the camera lens or parallel with the image plane are more likely to be modelled successfully in the bundle adjustment so that a real refraction model is not necessary (Agrawal et al. 2012 ) and the VMS software can still be used to provide accurate solutions. Therefore, a new set-up involving underwater cameras was implemented. To demonstrate the feasibility of measurements involving underwater cameras, a series of photographs were taken of the scour hole with one camera, while the flow was paused. This did not cause undue disruption to the tests as the measurements were only collected when the flow was paused for other reasons, such as during tidal flows at the point of flow reversal, and overnight for health and safety reasons. This system compromised in terms of the time resolution of measurements, but matched all of the other requirements. Fig. 3 shows the set-up of the underwater system. Dots were projected onto the bed to identify the measurement points in a similar manner to the initial set-up. However, a matrix of dots of known coordinates was marked onto the pile before it was placed in the flume (see Fig. 3 ) so that the scour hole measurements and calibration data were captured simultaneously. This system had the advantage of producing very robust network solutions as each image contained a large number of measurement points, and each solution included a number of photographs (at least 15) from a range of orientations.
Once the bundle adjustment solution had been computed using VMS, coordinate transformations had to be applied to the output data to align the axes to the convention in the flume so that the z axis was vertical, the x axis pointed downstream, and the y axis was aligned with the cross-stream. The origin was positioned at the initial bed level at the centre of the pile. The coordinate transformations were applied to the data in Matlab, and then the final bed profile was produced by fitting an interpolated surface to the computed measurement points. 
RESULTS
The results obtained with the photogrammetry system will be presented and discussed in a qualitative way, before comparisons are made with the echosounder and pile scale measurements. Two and three dimensional measurements will be considered using data from both the small and larger scale flumes. Fig. 4a shows the final results generated by the computation and processing completed in VMS and Matlab for one set of photographs. The figure shows a plan view of the scour hole, in which an interpolated surface has been fitted to the computed coordinates of the projected light dots on the sand bed (white dots in Fig. 4a ). The computed coordinates of the target dots that were marked on to the pile are also included (black dots in Fig. 4a) . One of the original photographs used in the computation is shown for comparison (Fig. 4b) . It is clear that, qualitatively at least, the features in the photograph are correctly represented in the photogrammetry solution. However, the strength of the solution is dependent on the coverage of dots on the bed. In the shadow zone behind the pile, and also at the nearside of the pile where the bed slopes away from the projectors the solution is based on a sparse number of measurement points and the accuracy of the interpolated solution will be reduced in these areas. 
Initial assessment of photogrammetry results

2D comparison of techniques in the small flume
A quantitative assessment of the performance of the photogrammetry system was obtained through comparison with measurements from the echosounder and the scale marked on to the pile. A first comparison was made using the measurements collected in the smaller flume at the same point in time during a test.
As the echosounder was set up to produce two dimensional scour hole profiles in this flume, 2D profiles from the photogrammetry data had to be obtained for the comparison. Points at 1 cm intervals along the centerline of the scour hole were picked from the interpolated 3D solution, allowing direct comparison with the echosounder profile.
The comparison is shown in Fig. 5 . It should be noted that due to the set-up constraints at the small scale, dots could not be projected in close proximity to the pile and both the photogrammetry and echosounder data have to be extrapolated to enable comparison with the pile scale. The echosounder and photogrammetry profiles compare reasonably well with the pile scale measurements in Fig. 5 , but a more robust comparison will be provided when considering the larger scale flume where the data did not need to be extrapolated (see the following section). In general the agreement between the echosounder and photogrammetry data is good in Fig. 5 . However, there is a greater discrepancy between the measurements on the downstream side of the pile. This may be explained by a small difference in the cross-stream positioning between the echosounder and photogrammetry profiles such as the echosounder sensor being a little off vertical, or not perfectly centred relative to the pile. This would be more noticeable at the downstream side where the deposition zone slopes off sharply in the cross-stream direction directly behind the pile.
The most significant discrepancy between the echosounder and photogrammetry data is at the upstream side of the pile, at the transition between the flat bed and the start of the scour hole slope. This can be explained by the limitations of the echosounder measurements caused by the diameter of the beam footprint. As the echosounder is positioned parallel to the flat bed, it will receive a stronger echo from the flat bed than a sloping section. Therefore, as it is traversed across this transition, it will continue to register and output the flat bed height for as long as the flat bed is in range of the beam footprint. This was confirmed in the flume by moving the echosounder in small increments over the transition region. The echosounder recorded the flat bed level until a large step change in depth was indicated, which was clearly not representative of the true bed shape. The results discussed in the previous section indicated that the discrepancies in the measurements were linked to issues with the echosounder system. Therefore, a second comparison focusing on the photogrammetry and calibrated pile is presented to provide confidence in the results. In the larger flume, dots were projected in close proximity to the pile, so a direct comparison could be made between these two techniques. Three interpolated profiles collected at different points in time during a test are shown in Fig. 6 which were obtained from the 3D photogrammetry solutions (in the same way as in the previous section). Each of these is compared with the pile scale reading at the corresponding time during the test. The agreement is excellent in each case. The very small discrepancy between the measurements is due to the interpolation method in the photogrammetry solution. Where the measurement points coincide with actual measurement points the agreement is improved. Another comparison of interest is the performance of the systems at 3D bed profiling in the larger scale flume. Side elevations and plan views of the same scour hole are shown in Fig. 7 and Fig. 8 respectively where Fig. 7a and Fig. 8a show the results from the echosounder, and Fig. 7b and Fig. 8b show the results from the photogrammetry. The echosounder data is presented in a similar way to the photogrammetry data so that the origin and orientation of the axes is consistent, and an interpolated surface has been fitted to the measurement points. It should be noted that the proximity of the echosounder to the pile is further restricted in this set-up at the far side of the pile due to the construction of the bracket, so the interpolated solution is less reliable in the vicinity of the pile. In Fig.  7 and 8 it is observed that in general the differences between the measurements from the two systems are considerable. This can be related to the larger beam footprint of the echosounder in this flume, and the shorter measurement time at each position, so that the loss of accuracy with the echosounder has become significant across large areas of the scour hole. An identity plot of the echosounder and photogrammetry measurements in the larger and smaller flumes is given in Fig. 9 . The significant scatter in the data at the large scale demonstrates the extent of the reduction in accuracy regarding the echosounder measurements with a difference of as much as 3-4 cm between the two techniques. The echosounder consistently underestimates the scour depth. Interestingly, the best agreement between the two devices is found close to the initial bed level (at zero in Fig. 9 ). This result indicates that the echosounder is producing more accurate measurements on the flat bed, which is to be expected as the beam footprint will have a smaller area, and the strength of the reflected signal will be more uniform. As discussed earlier, the agreement between the 2D profiles at the small scale is shown to be very reasonable. 
Evaluation of techniques
For comparative purposes, the specifications of each technique have been detailed in Table 1 , allowing the strengths and weaknesses of each technique to be analysed.
The echosounder performed poorly in terms of accuracy due to the large size of the beam footprint relative to the scale of the tests, especially at the larger scale. Sharp changes in bed slope were not correctly modelled in either flume. However, this technique does enable the scour depth development to be monitored in test at a variety of locations, and at the small scale the results were generally acceptable. It should be noted that this was the most expensive of the three techniques in terms of equipment cost.
The Photogrammetry technique provided the most extensive spatial coverage of the scour hole and it was possible to measure points very close to the pile, which could not be covered with the echosounder. This technique had the highest precision of the three systems, and the measurement procedure was fast and straightforward. However, post-test processing of the data was time consuming, as many of the measurement points had to be identified manually in the images. The photogrammetry technique performed poorly regarding the time resolution of measurements as the data could only be collected when the experiment was paused.
Despite being the simplest technique, the pile scale out-performed the other techniques in the remaining categories in Table 1 especially with regards to the temporal resolution of measurements. Also, it is an easy system to set-up and is inexpensive. The shortcomings of this technique are that it cannot provide 3D coverage of the scour hole, and the coarse resolution of the scale resulted in a reduction in measurement accuracy. However, this technique was imperative to collecting scour depth time histories through the tests.
The different strengths and weaknesses of the three systems meant that by using a combination of techniques the pertinent information could be collected enabling the scour process to be monitored comprehensively in this project. 
Future work
The main limitation of the underwater photogrammetry system is that it is not possible to collect measurements while the flow is running. Future developments of the system should attempt to overcome this aspect so that this technique could be implemented as a stand alone system without the need for comparative techniques. One way to do this would be to include a ray tracing algorithm in the computation and position the cameras outside of the flume. However, as discussed earlier there is no direct solution to the ray tracing problem so an iterative approach would have to be adopted.
Alternatively, the underwater cameras system could be developed further by sourcing small cameras with the capability to be synchronised. An investigation would be needed to determine a feasible location for the cameras to ensure they have the required view of the scour hole, while at the same time not interfering with the flow. The small submergence depth of the echosounder sensor had a negligible impact at the scale of tests discussed in this paper. Therefore, if the cameras could be positioned in a similar way, or were of much smaller diameter, this would be an acceptable solution.
Another improvement that could be made to the photogrammetry technique would be to reduce the data processing time. The time consuming aspect of the method is identifying the measurement points in the photographs. Feature matching techniques could be investigated, although as was discussed earlier this is difficult with some types of sand beds. Instead, the projected dots could be modified to make them more easily distinguishable in the images. A unique pattern, or colour coded dots could be implemented which would firstly help the user to correctly identify the markers, but secondly could be used to improve the automatic detection of the dots through additional coding in the software.
CONCLUSIONS
This paper has identified a gap in the literature in terms of a comprehensive measurement technique for monitoring scour depth in the laboratory. Photogrammetry was identified as a promising technique but required development to solve the refraction issue. A novel underwater camera measurement system was presented. The main conclusions of the paper are:
The photogrammetry results were shown to be in agreement with standard techniques at two different scales and considering both 2D and 3D measurements. The photogrammetry system was shown to be superior to the echosounder device as the accuracy of the echosounder measurements was significantly reduced on sloping sections and in the larger scale flume due to the size of the beam footprint. Echosounder measurements of scour holes in the laboratory should be treated with caution especially where an echosounder with similar or lower specifications has been applied at a comparable scale to this study. Photogrammetry produces accurate, high resolution 3D scour hole profiles. This allows additional information about the scour hole development to be analysed including the scour extent, volume and slope angles, while the photographs can provide further qualitative insights into the scour process.
